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Histological  studies  have  revealed  that  active  tuberculous  lesions  often 
contain surprisingly few acid-fast organisms  (1-3).  In  caseous areas,  bacilli 
detectable by the Ziehl-Neelsen technique are  seen chiefly at  the periphery 
of the lesion but only in very small numbers in its central part, and there is 
evidence that the bacilli become more and more scarce in the aging lesion as 
long as it remains closed. These findings are rendered the more surprising by 
the fact that caseous material often becomes the seat of enormous bacterial 
multiplication when the lesion opens into a  blood vessel or a  bronchus. Since 
the classical processes of immunity--humoral or cellular--can hardly account 
for the progressive disappearance of the acid-fast organisms from closed necrotic 
areas,  it seems necessary to postulate that inflammation and necrosis bring 
about a physicochemical environment unfavorable to the survival and multi- 
pllcation of tubercle bacilli. 
Inadequate aeration is the most obvious of the factors that might play a role 
in the progressive sterilization of closed tuberculous lesions, for it is known that 
---in  vitro at least--tubercle bacilli are dependent on aerobic metabolism for 
their survival as well as for the efficient performance of their synthetic processes. 
In vivo findings are also compatible with this view. Thus, the fetus of the guinea 
pig is markedly resistant to tuberculous infection--a property that may be due 
to the low oxygen content of the fetal blood (4).  Similarly, the bacilli do not 
do well in the collapsed areas of the lung where blood flow is diminished (5), 
and it has been shown that guinea pigs housed in chambers under reduced 
oxygen tension are more resistant to experimental tuberculous infection than 
when living at ordinary atmospheric pressure  (6,  7).  It is probable, however, 
that any oxygen pressure compatible with the life of adult animal cells  will 
be adequate, not only for the survival of tubercle bacilli, but also for their 
multiplication--even though at a  slow rate. Furthermore, some oxygen must 
reach the caseous material by diffusion and be present in solution in its aqueous 
phase.  It appears unlikely, therefore, that deprivation of oxygen during life 
can be sufficiently complete to be the direct and only cause of the progressive 
disappearance of bacteria from the lesion. 
Decreased blood flow and low oxygen tension naturally have many indirect 
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biochemical effects. For example, increased production of lactic acid resulting 
from semi-anaerobic metabolism of tissue ceils, and slower removal or neutral- 
ization of carbonic acid, will alter the normal acid-base relationships in body 
fluids and tissues and may,  in certain cases, overcome their buffering  power. 
In fact, it is known that areas of inflammation and caseation can become mark- 
edly acidic  (approximately pH  6.5),  at  least during  certain phases  of  their 
evolution, and it has been claimed that they contain more lactic acid than do 
normal tissues (8-12).  But  it is unlikely that the hydrogen ion concentration 
at the site of the tuberculous lesion can ever become high enough to be the primary 
cause of toxic effect on acid-fast bacilli since the optimal range for their mul- 
tiplication in vitro is between pH 6.2 and 6.8. 
Another characteristic of inflammatory and caseous areas is the accumula- 
tion at their site of a  variety of metabolic constituents and Of products result- 
ing from autolytic breakdown of tissue cells. Several of these have recently been 
found  in  our  laboratory  to  possess  marked  bacteriostatic  activity  against 
tubercle bacilli. The present paper is concerned with the effect on the growth of 
these organisms of some of the organic acids produced during cellular metab- 
olism or by autolytic changes. 
EXPERIMENTAL 
Materials and Methods.--The experiments to be described were carried out with twelve 
different cultures of mammalian tubercle bacilli exhibiting different degrees of virulence. The 
results obtained were of the same order with all strains tested, except for the fact to be dis- 
cussed in a subsequent publication that most of the attenuated strains were more susceptible 
than the fully virulent strains to the bacteriostatic effect of organic acids.  For the sake of 
brevity, only the results obtained with the following two fuily virulent strains will be reported 
in the present publication. 
H37Rv--a strain of human origin obtained from Mr. W. Steenken, Jr., of the Trudean 
Sanatorium. 
Ravenel--a bovine strain obtained from Dr. J.  Freund of the Public Health Research 
Institute of the City of New York. 
These cultures have been maintained for the past 4 years by transfer in liquid Tween- 
albumin medium at intervals of 1 to 3 weeks. 
Determination of the effect of organic acids on growth was carried out in liquid and agar 
media of the semisynthetic general type described in earlier publications (13, 14). Two basal 
media were used, one containing as source of nitrogen 0.2 per cent asparagine and 0.05 per 
cent of enzymatic hydrolysate of casein; another in which 0.2 per cent sodium glutamate was 
substituted for asparagine. Tween 80, oleic acid, and glucose were added or omitted as indi- 
cated in the text. Bovine plasma fraction V (in solution in 0.9 per cent NaCI) or defibrinated 
filtered bovine serum served as source of albumin. They were sterilized by filtration and were 
added aseptically to the sterile media. The reaction of the different components of the medium 
was adjusted to the desired pH with NaOH or HC1 prior to mixing. 
The organic acids to be tested were added, in the form of their sodium salt, in the proper 
concentration to the medium before autoclaving. 
With the exceptions noted below, they were all c.P. grade, obtained from the Amend Drug 
and Chemical  Company, Inc. They were not further purified.  Oleic and linoleic acids were 
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Lignoceric acid was obtained from the collection of the late Dr. P. A. Levene. It was pre- 
pared from egg yolk sphingomyelin and listed as lot No. 1097 in the coUection. 
In the case of lactic acid, most experiments were  carried out with Merck "lactic acid 
reagent." In a few confirmatory tests (not recorded in the present paper), there was used a 
preparation of the Zn salt of/(+)-lactic acid prepared by Dr. Thompson of the Chemistry 
Department of Ohio State University and obtained through the courtesy of Dr. Lippman H. 
Geronimus. 
The Effect of I3ifferent Organic Acids on the Multiplication  of Tubercle Bacilli 
in vitro.-- 
Experiment/.--Test tubes 25 ram. in diameter received 5 cc. of asparagine basal medium 
at pH 6.5, containing 0.02 per cent Tween 80. The sodium salts of the various organic acids 
to be tested were added in 0.5 cc. volume of solutions varying in concentration by twofold 
steps as indicated in Table I. The tubes were inoculated by the addition of 0.5 cc. of either one 
of the two following culture dilutions  :- 
(a) 5 cc. of 10-day-old culture in Tween-albumin  medium added to 45 cc. of a 5 per cent 
bovine albumin solution in physiological  saline, containing 0.05 per cent neutralized oleic acid 
(described as oleic acid-albumin complex in reference 14). 
(b) 5 cc. of 10-day-old culture in Tween-albumin medium added to 40 cc. of 5 per cent 
bovine albumin solution and 5 cc. of 50 per cent glucose solution (giving a final concentration 
of 0.5 per cent glucose in the culture medium~ but no oleic acid). 
The cultures were incubated at 37°C. and the extent of growth recorded  after 1 week's 
and 2 weeks' incubation (Table I). 
In confirmation of the results of earlier studies (15,  16),  the data presented 
in Table I  illustrate the dual effect of oleic acid on tubercle bacilli. When added 
to the medium in low concentration and in admixture with the proper amount 
of serum albumin (0.005 per cent oleic acid, 0.5 per cent albumin), oleic acid 
markedly enhanced bacterial growth.  On the other hand,  it inhibited growth 
when present in higher concentration  in the culture medium. Unexpected was 
the finding  that,  like oleic acid,  the  shorter chain  aliphatic acids and  lactic 
acid did also exert an inhibitory effect on growth. 
In all cases the concentrations of organic acid required for inhibition of growth 
were  smaller in the oleic acid-albumin medium  than  in  the glucose-albumin 
medium, although  the former gave more abundant growth  than  the latter in 
the absence of inhibitory substances. The interpretation of this finding will be 
considered later in the discussion. 
In the  experiment  just described,  the growth-inhibitory effect occurred  in 
the presence of an agent, Tween 80, which wets the surface of tubercle bacilli 
and causes them to grow submerged and, therefore, in a  semi-anaerobic state. 
In the following experiment, the effect of the organic acids was tested  under 
conditions in which  the bacterial surface remained hydrophic  (in media con- 
mining oleic acid-albumin complex without Tween) and growth took place on 
aerobic agar surfaces as well as in submerged cultures in liquid media. Medium 
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TABLE  I 
The Inhlbltory E.~ec£ of Organic Acids on the Gro~vth of Tuberds Bacilli  in Liquid  Turin- 
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~F_,x.periment 2.--The sodium salts of several organic acids were added in various concentra- 
tions to an asparagine medium at pH 6.3. Part of each special medium was kept in the fluid 
state, and agar in final concentration of 1.5 per cent was added to the other part. The liquid 
media were distributed in 5 cc. amounts per test tube 25 mm. in diameter and then autoclaved. 
Each tube was inoculated with 0.5 cc. of the following mixture: 0.05 cc. of 8-day-old culture 
in Tween-albumin medium added to 45 cc. oleic acid-albumin complex and 5 cc. of 50 per 
cent glucose. 
To 50 cc. of each of the sterile agar media (autoclaved and cooled to 55°C.) was added 5.0 
cc. of oleic acid-albumin complex and 0.5 cc. of 50 per cent glucose. The mixtures were poured 
into Petri dishes, and the media allowed to solidify and dry for 24 hours at 37°C. Inoculation 
was carried out by delivering on the agar surfaces from a  tuberculin syringe 0.025 cc. of cul- 
TABLE  II 
Approximate Molar Concentration of Various Organic Acids Required  for Complete Inhibition 
of Gro~oth of Virulent (Human and Bovine) Tuberde Bacilli in Semisynthetic 
Medium Containing 0.5 Per Cent Oleic Acid-Albumin  Complex (pH 6.4) 
Acetic acid .................... 
Propionic acid ................. 
Butyric 
n-Csproic 
n-Caprylic 
n-Capfic 
Laurie 
Palmitic 
Stearic 
Oleic 
Lactic 
Pyruvic  "  l 
Ketoglutaric acid 
Glutamic  "  .............. 
Succinic  "  ] 
Fumaric  " 
Agar medium 
H37Rv  Ravenel 
0.0040  M 
0.0030 " 
"  .................  0.0015 " 
"  .................  0.0002 " 
"  .................  0.0003 " 
"  .................  0.0001 " 
"  ................  0.0002 " 
"  .................  0.0005 " 
".  ................  0.0008 " 
"  .................  0.0010 " 
"  .................  0.0080 " 
No inhibition at 0.05 ~t 
0.0050 u 
0.0080" 
0.0030" 
0.0004 " 
0.0004" 
0.0002 " 
0.0002 " 
0.0004" 
0.0006 " 
0.0006" 
0.0050 " 
Liquid medium 
H37Rv  Ravenel 
0.0050 ~  0.0050 
0.0030 "  0.0060 " 
0.0020 "  0.0060 " 
0.0003 "  0.0005 " 
0.0002 "  0.0004 " 
0.0001 "  0.0002 " 
0.0003"  0.0003 " 
0.0010 "  0.0010 " 
0.0010 "  0.0010 " 
0.0010 "  0.0010 " 
0.0100 "  0.0040 " 
tures diluted 10,000-fold (10-Q in 0.1 per cent albumin (17). The agar plateswere then sealed 
with adhesive tape and incubated at 37°C. for 2 weeks. They were then opened and the amount 
of growth recorded. 
As seen  in Table II,  there was complete inhibition of growth with the high 
concentrations  of most  of the organic acids.  In  the liquid media  that  had  re- 
ceived the lower concentrations, the growth consisted of clumps fewer in number 
and  smaller  than  in  the  control  tubes.  On  agar  media,  partial  inhibition of 
growth manifested itself by a  decrease in the number  and size of the colonies. 
As no convenient way has been found to record these quantitative  differences, 
only the concentrations  of organic acids which  caused  complete  inhibition of 
growth are recorded in Table II; partial inhibition was readily detectable with 324  ORGANIC ACIDS AND  TUBERCLE  BACILLI 
concentrations four, or even eight, times smaller than those required for com- 
plete inhibition. 
It is clear that inhibition of growth was obtained as readily on solid media 
as in liquid media, and that the comparative pattern of activity of the differ- 
ent  organic acids  was  essentially  the  same  under both  conditions.  In  fact, 
whereas the results in liquid media have often shown, from one experiment to 
the other, inconsistencies still inadequately explained, the experiments carried 
out on agar surfaces have always proven reproducible. 
The data in Table II have been recalculated in terms of molar concentration 
of organic acids. They reveal that in the saturated aliphatic series, inhibitory 
activity at first increased with the length of the carbon chain to reach a maxi- 
mum  (in terms of minimum effective molar concentration) with capric acid. 
From then on inhibitory activity decreased as the molecular weight increased, 
and even the unsaturated  long chain fatty acids proved less active than the 
C10 saturated compound. Lactic acid again proved to exhibit marked inhibitory 
activity, whereas no inhibition was observed with the highest concentrations 
used (0.2  per cent) of keto acids (pyruvic and ketoglutaric) and dicarboxylic 
acids (succinic, fumaric, and glutamic). 
The Effect o/Composition and Reaction  of the Medium on the, Inhibitory Activ- 
ity of Organic A c/ds.--The results of the two preceding experiments reveal that 
the growth-inhibitory effect of organic acids takes place whether or not the 
nutrient solution is enriched with glucose or oleic acid, on agar surfaces as well 
as in liquid media, in the absence as well as in the presence of a wetting agent 
promoting submerged growth. 
Many other experiments have been performed to determine quantitatively 
the effect of the different factors of the environment on the inhibition of growth 
of tubercle bacilli by organic acids. Although no convincing technique has yet 
been worked out to compare the rate and extent of growth in liquid and on 
solid media,  the trend of the results suggests  that the inhibitory activity is 
slightly greater (a few fold) on the latter than in the former. However, because 
of the irregularity of the results in liquid media, it does not appear worthwhile 
to develop this point further at the present time. 
The following experiment was designed to test on agar surfaces the effect of 
other aspects of the composition of the medium on inhibitory activity. 
Experiment 3.--Three independent categories of variables were introduced in the test.-- 
(a) Two types of basal media, one containing asparagine and casein hydrolysate as source 
of nitrogen, the other in which glutamic acid was substituted for asparagine. 
(b) Three different preparations were compared as source of albumin: fraction V of bovine 
plasma (0.5 per cent), the oleic acid-albumin complex (0.5 per cent), and whole bovine serum 
(10 per cent). 
(c) Three consecutive  experiments  were done, one at pH 6.1, another at pFI 6.5, the third 
at pit 6.9. 
In all cases the sodium salts of organic acids were added in adequate dilutions  to  the r.~rr~ J.  Dtmos 
TABLE  III 
Effect  of Composition  of Medium  on  Growth-Inhibitory  Activity  of Organic  Acid 
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Asparagine agar medium  Concentration  of organic acid required for 
80 per cent inhibition of growth 
pH  Source of albumin (bovine)  Acid 
6.1 
~4 
CC 
6.5 
~4 
4~ 
7.0 
0.  5  per cent plasma fraction V 
~  c~  cc  ~t  ct  ~t 
"  "  "  oleie acid-albumin complex 
41  gl  II  g4  l|  ~  II 
10.0  ,,  4,  serum 
c~  c~  cl  It 
0.5 per cent plasma fraction V 
¢~  ¢c  ~c  cc  cc  cc 
"  "  "  oleic acid~albumin complex 
¢~  ct  c~  g~  c~  cc  It 
~  cL  c~  tC  ~  cC  ~ 
I0.0  "  "  serum 
c~  c¢  cc  ¢c 
cc  CC  ~c  Cc 
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cc  **  *c  *c  I~  L~ 
"  "  "  oleic acid-albumin complex 
cC  ~c  cc  cc  ~C  ¢¢  I~ 
C¢  c¢  ¢¢  cc  ~c  c~  ¢C 
10.0  "  "  serum 
c~  ~c  ~c  cC 
H3Rlv  Ravenel 
per cent  per  cent 
Lactic acid  0.3  0.3 
Butyric  "  0.02  0.04 
Capric  "  0.003  0.003 
Lactic  "  0.1  0.03 
Butyric  "  0.01  0.01 
Capric  "  0.0007  0.0005 
Lactic  "  0.1  0.07 
Butyric  "  0.01  0.03 
Capric  "  0.001  0.0007 
Lactic  "  0.3  0.3 
Butyric  "  0.03  0.06 
Capric  "  0.004  0.004 
Lactic  "  0.15  0.05 
Butyric  "  0.007  0.007 
Capric  "  0.002  0.001 
Lactic  "  0.2  0.2 
Butyric  "  0.02  0.02 
Capric  "  0.001  0.001 
Lactic  "  0.4  0.4 
Butyric  "  ?  ? 
Capric  "  ?  ? 
Lactic  "  0.4  0.4 
Butyric  "  ?  ? 
Capric  "  ?  ? 
Lactic  "  0.2  0.2 
Butyric  "  0.03  0.03 
Capric  "  0.003  0.003 
different basal media prior to autoclaving. Mter being allowed to dry for 24 hours at 37°C., 
the agar surfaces were inoculated as described above with 0.025 cc. of 10,000-fold dilutions 
(10  -4 in 0.1 per cent albumin) of 8-day-old bacterial cultures in Tween-albumin medium. The 
Petri dishes were sealed with adhesive tape and incubated at 37°C. The amount of growth was 
recorded after two weeks' incubation (Table III). 326  ORGANIC  ACIDS AND  TUBERCLE  BACILLI 
As had been found in Experiment 2, inhibition of growth by organic acids 
was not an all-or-none phenomenon. Instead, partial inhibition (as expressed 
by decrease in number and size of colonies) was observed with intermediate 
concentrations of the acids. In an attempt to facilitate the evaluation of the 
comparative inhibitory effectiveness of the organic acids tested in the different 
media, the concentration required to cause approximately 80 per cent reduction 
in the number of detectable colonies was determined. This was deemed a basis 
of comparison more valid  than  complete inhibition since  the  control media 
differed in their growth-promoting activity, depending upon their pH and the 
material used as source of albumin. 
The results obtained with the glutamic acid media were so similar to those 
obtained with the asparagine media that only the latter are recorded (Table 
III). In general, inhibitory activity was higher the more acid the medium, but 
the differences were not large. With the four organic acids tested, the inhibitory 
activity was significantly less (approximately one-third) in the plain albumin 
media than in media containing the oleic acid-albumin complex or whole serum. 
This difference was the more striking because growth was less abundant in the 
control agar plates (without organic acid added) in the first medium than in 
the last two. No significant difference could be recognized between the media 
containing oleic acid-albumin complex and those containing whole serum dither 
from the point of view of abundance of growth in the controls, or of the inhib- 
itory activity of the different acids. 
Enhancing Effect of Organic Acids on the Growtk of Tubercle BaciUi.--It has 
been reported earlier that certain long chain fatty acids enhance the growth of 
tubercle bacilli when they are added to the culture medium in admixture with 
enough serum albumin to neutralize their toxicity (15,  16). The purpose of the 
following  experiment was  to  determine  whether  a  similar  enhancement  of 
growth could be obtained with all organic acids under consideration in the pres- 
ent Study. 
Experiment 4.---Organic acids were added in various concentrations to asparagine basal 
medium containing 1.5 per cent agar. The different agar media (at pH 6.4) were autoclaved 
and 5 cc. of 5 per cent bovine serum albumin was added to 50 cc. of each of them cooled to 
50-55°C. They were poured into Petri dishes, allowed to solidify  and to dry for 24 hours at 
37°C., and then were inoculated by depositing on their surface 0.025 cc. of 10-day-old  culture 
previously diluted to 10  -a in 0.1 per cent bovine serum albumin. The inoculated Petri dishes 
were sealed with adhesive tape and incubated at 37°C. for 3 weeks (Table IV). 
As had been found in earlier experiments, the addition to albumin medium 
of the dicarboxylic and keto acids did not inhibit growth even in the highest 
concentration used  (0.4 per cent), but,  on the contrary, resulted in slightly 
larger colonies (the diameter being increased two- to threefold). In the case of 
all the aliphatic acids and of lactic acid, growth was increased in the media 
treated with amounts of organic acids smaller thanthose required for inhibi- ~E~  j.  mn3os  327 
tion (Table IV). The range of concentrations capable of enhancing growth was 
determined in part by the effectiveness of the substances as an inhibitory agent. 
Thus, eapric acid having very high inhibitory activity, enlargement of colonies 
could be observed only between  concentrations  of 0.0005  to 0.0015  per cent 
of this substance. With lignoceric acid, on the other hand, growth stimulation 
was readily detected between 0.002 and 0.02 per cent. Although the technique 
of observation did not permit  accurate  quantitative  measurement,  it can be 
stated that enhancement of growth was manifested, not by increased numbers 
of colonies as compared with  those developing on the control media,  but by 
the fact that the colonies became detectable macroscopicaUy a few days earlier, 
and reached a larger diameter after 3 weeks' incubation. Of the substances tested, 
TABLE IV 
Enhancement of Growth of H37Rv by Organic, Acids 
Maximal 
concentration 
Organic acids added  giving detect- 
to albumin agar  able enlarge- 
ment of colonle~ 
per cent 
Ketoglutaric  acid ........  0.2 
Succinic  "  0.2 
Acetic  " .........  0.1 
Propionic  " ........  0.05 
Butyric  " .........  0.025 
Capric  " .........  0.0015 
Laurie  " .........  0.002 
Oleic  " .........  0.01 
Lignoceric  " .........  0.02 
Lactic  " ..........  0.2 
Effect of higher concentrations 
No inhibition of growth 
Complete inhibition of growth 
tt  tt  tt  ¢¢ 
tt  ~t  et  tt 
tt  g¢  tt  at 
at  tt  at  tt 
¢t  t&  at  ¢¢ 
tt  tt  at  t¢ 
&t  t¢  tg  at 
lignoceric and oleic acids proved the most effective in stimulating the rate and 
extent  of colonial development. 
The Effect of Organic Acids on the Viability of Tubercle Bacilli.--The  observa- 
tions reported so far deal with  the effect of organic acids on the proliferation 
of tubercle bacilli. The following experiment was designed to test the effect of 
these substances on the viability of the microorganisms. 
Experiment 5.--Test tubes 25 ram. in diameter,  containing 5 ce. of basal asparagine me- 
dium at pH 6.2 with 0.02 per cent Tween 80, received 0.5 cc. of the following respective solu- 
tions: sodium lactate  (2 per cent),  sodium butyrate  (0.2 per cent),  sodium caprate (0.1 per 
cent),  sodium oleate  (0.1 per cent),  physiological saline. Each tube was inoculated with 0.5 
cc. of culture diluted  100-fold (10  -3)  in 5 per cent albumin  solution  in  saline. This oper- 
ation gave culture dilutions of 1,000-fold and a concentration of 0.5 per cent albumin  in the 
medium. The tubes were incubated  at 37°C. and  observed for the development  of growth 
(Table V). The viability of the bacilli in the different tubes was tested  after incubation  for 1 
hour, I day, 2 days, 5 days, 8 days, and 15 days. 328  ORGANIC  ACIDS  AND  TUBERCLE  BACILLI 
The viability test was performed as follows: Tenfold dilutions of the bacterial suspensions 
were made in physiological saline containing 0.1 per cent albumin. These final dilutions were 
inoculated on asparagine-oleic acid-albumin agar medium at pH 6.9 by delivering 0.025 cc. 
on the surface of the agar. The agar plates were sealed with adhesive tape and incubated at 
37°C. The number of colonies developing  on the plates was counted after 3 weeks' incubation 
(Table V). 
The results presented in Table V show that no visible growth developed in 
the tubes of Tween-albumin medium that had received sodium lactate, sodium 
butyrate, sodium caprate, or sodium oleate. Yet, when the contents of these 
tubes were plated at different intervals of time on a suitable agar medium, the 
number of colonies obtained gave at first no indication of a decrease in the vi- 
ability of the ceils. A  significant decrease in number of colonies was first ob- 
served after the inoculum had been in contact with the organic acids for 2 weeks 
TABLE  V 
Survival of Tubercle Bacilli  (Bovine Strain  Ra~end) in  Tween-Albumin  Media  Containing 
Inhibitory  Concentrations of Organic Acids 
Concentration of organic acid in liquid media 
o 
Lactic acid 0.5  per cent 
Butyric  "  0.05  "  " 
Cupric  "  0.005  "  " 
Oleic  "  0.005  "  " 
Growth in 
liquid media 
1 hr.  1 day  2 days  5d~  8 day 
++++  lo.  106  I 106  10" I 101 
-  "  "  105  ] I0  J  10' 
[ 
_  ,,  ,,  ,,  ,,  106 
_  -  ,,  ,,  .  lC~ 
Number of viable organisms per cc. of liquid 
medium after incubation at 37°C. for 
15 days 
IO' 
1o2 
lO4 
IO" 
1o  I 
in the Tween-albumin liquid media. It is dear,  therefore, that neither lactic, 
nor butyric, nor capric, nor oleic acid exerted a bactericidal effect on the bacilli 
and that they only prevented their multiplication. 
DISCUSSION 
It has been pointed out in earlier studies that many long chain fatty acids 
inhibit the growth of tubercle bacilli when they are added to synthetic culture 
media, even in extremely high dilutions, and that this antimicrobial effect can 
be neutralized in part by adding to the medium sufficient amounts of  serum 
albumin or of sphingomyelin  (13-16,  18).  The experiments described  in  the 
present paper reveal that the shorter chain aliphatic acids,  such as acetic, pro- 
pionic, butyric, caproic, caprylic, and cupric acids, also exert a marked inhibi- 
tory effect on growth. Indeed, cupric acid was the most active of the substances 
tested, more active in this respect than oleic acid,  the toxicity of which has 
been chiefly emphasized in the past. Inhibition of growth could also be readily 
demonstrated with low concentrations of lactic acid, but not with the keto and 
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The inhibitory activity of the organic acids appeared to be somewhat higher 
on albumin-agar media than in the corresponding  liquid media. It increased 
a few fold as the culture medium was made more  acidic by addition of HC1. 
It was significantly higher in media containing whole serum than in those in 
which serum was replaced by purified albumin, but it was essentially independ- 
ent of the presence or absence of glucose, and of whether asparagine  or glu- 
tamic acid was used as the source of nitrogen. 
Complete inhibition of growth was found to occur under conditions in which 
the organic acids did not affect the viability of the inhibited ceils. This finding 
makes it unlikely that the primary cause of bacteriostasis  was a disruption of 
the bacterial membrane resulting from the fact that the substances  tested pos- 
sess in varying degrees surface-depressing properties.  It is known, on the other 
hand, that lactic, butyric, and acetic acid, as well as the long chain fatty acids, 
can stimulate the oxygen uptake of tubercle  bacilli and that this stimulation 
increases several fold as the test medium is rendered  more acidic by addition 
of HC1  (19-22).  Interestingly enough,  the growth-inhibitory activity of the 
organic acids followed a parallel course. Moreover, it is known that acetic acid 
and lactic acid can be used as sources of energy and carbon by tubercle bacilli 
growing ifi synthetic media (19, 23). It appears likely, therefore,  that, in the 
present experiments, lactic acid, as well as the short and long chain fatty acids, 
interfered with the growth of tubercle  bacilli by disturbing in some unknown 
manner the normal course of their metabolism.  The slow death of the bacilli 
resuspended  in media containing inhibitory concentrations of organic  acids 
is compatible with this view. Increased respiration,  unaccompanied  by cellular 
multiplication, probably caused  the exhaustion of essential  reserve materials 
or the accumulation of toxic substances  (22) and thus progressively interfered 
with normal survival. 
In adequate concentrations, some of the long chain fatty acids---oleic and 
lignoceric acid in particular--markedly increased growth in media containing 
serum albumin. And yet, the inhibitory activity of lactic acid and of the ali- 
phatic acids was  increased  when the culture media were  enriched  with the 
stimulatory concentrations of oleic acid supplied  in the form of oleic acid-al- 
bumin complex. It is worth noting also that the growth-inhibitory activity of 
the various organic acids also proved higher in serum media than in plain al- 
bumin media. This is of interest since growth in the presence of serum was as 
good as in oleic acid-albumin media and, therefore, better than in plain albumin 
mediama fact perhaps due to the known presence in serum of lipids bound to 
the proteins, 
Two hypotheses can be offered to account for the fact that bacteriostatic 
activity was greatest in the media most satisfactory for growth. On the one 
hand, it is possible  that increased  metabolic activity (manifested  by better 
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caused by the inhibitory acids. On the other hand, these substances may have 
displaced the oleic acid, or other lipids, from combination with the albumin or 
other serum protein with the result that the toxic effect of these lipids was no 
longer  neutralized by the proteins.  Available  knowledge is not sufficient  to 
permit a  choice between these  alternative explanations nor to define  them 
better. 
Although little  is  understood of  the  mechanisms  whereby organic  acids 
affect the growth of tubercle  bacilli, the known facts make it likely that the 
findings in dtro may be of some significance in analyzing the factors which 
determine the fate of tubercle  bacilli in d~o. Some of the organic acids--the 
keto and dicarboxylic acids--seem to act only as growth-promoting agents and 
never as inhibitors  of tubercle  bacilli  (at least in the range of physiological 
concentrations).  Others--like lactic acid, propionic acid, butyric acid, capric 
acid, oleic acid, lignoceric acid, etc.--are markedly growth-promoting in low 
concentrations  (particularly near  neutrality) and  inhibitory in higher con- 
centrations, particularly at more  acidic  reactions.  All  these  substances  are 
normally produced,  either in the course of tissue metabolism,  or by autolyfic 
~hanges following necrosis, and some of them occur in dvo in the range of the 
concentrations which have been found to inhibit bacillary growth in the pres- 
ence of serum.  It seems legitimate, therefore,  to postulate that they are not 
without influence on the evolution of the tuberculous  lesion. 
As is well known, tubercle  bacilli coming into contact with specifically al- 
lergic tissues elicit in them a violent inflammatory reaction which may evolve 
into the caseous state. The site of this reaction becomes acidic, in part because 
of interference with blood supply, in part perhaps as a result of the accumula- 
tion of the large, wandering mononuclear cells which possess a predominantly 
glycolytic metabolism.  It has been  reported,  furthermore, that fatty acids 
accumulate in the caseous matter of necrotic  areas,  probably as a  result of 
lipase activity during autolysis (12, 24, 25). Despite the paucity of convincing 
quantitative data, one may assume  that the concentration of organic  acids 
and the pH prevailing within the inflammatory  areas are well within the range 
of conditions found in the present study to exert a  bacteriostatic effect on 
tubercle bacilli in vitro. Compatible with this view is the fact already mentioned 
that the number of tubercle bacilli detectable in the center o[ the caseous lesion 
decreases slowly and continuously  as long as the lesion remains closed, whereas 
the bacilli  often start proliferating  again when the caseous material softens 
by repenetration of blood constituents or when the lesion opens into a bronchus 
or blood vessel. It is true that, as mentioned earlier, increased availability of 
oxygen may play a part in the release of bacteriostasis.  But it is also possible 
that the ease of exchanges between the lesion and the body fluids may affect in 
a profound manner the suitability of the environment for bacillary growth by 
neutralizing the local acidity and decreasing  the concentration of growth in- 
hibitors.  In other words, it appears worth while to consider that the fate of the Pa~N~. J.  DUBOS  331 
bacteria present in the lesion  is determined,  not only by changes in oxygen 
tension, but also by the local concentration of organic acids and by the efficiency 
of the acid-base exchanges  at the site of the lesion. 
Experiments by Lurie are worth recalling  in this respect (7).  He inserted 
into  the peritoneal  cavity of rabbits  silk  bags containing  Virulent  tubercle 
bacilli and  impregnated  with  collodion  in  such a  manner  as to permit  the 
passage of body fluids, but not of cells. Under these conditions, bacterial multi- 
plication proceeded unchecked in the bags placed in normal animals, whereas 
little or no growth developed in those in immunized animals.  Lurie observed 
that the reaction of the fluid in the bags in the immunized animals was more 
acidic than that of the fluid in normal animals,  but in no case was the pH low 
enough  (approximately 7.0) to account for bacteriostasis. As phagocytic cells 
had not penetrated  the bags, it appeared  that  bacteriostasis was caused by 
some humoral antibody. The results reported in the present paper suggest a 
different  interpretation  of Lurie's  observation.  Lowering  of  the  pH  in  the 
immunized allergic  animal was probably the result of local accumulation  of 
organic acids caused by the initial inflammatory reaction, and it seems possible 
that bacterial growth was inhibited, not by the low pH, nor by humoral anti- 
bodies, but as a result of the local accumulation of one or several of the organic 
acids shown in the present study to exhibit bacteriostatic effect on tubercle 
bacilli. 
In order to prevent misunderstanding, it may be necessary to point out here 
that the presence of organic acids in inflammatory and caseous areas constitutes 
oniy one of the several factors which may affect the course of tuberculons in- 
fection. Tubercle bacilli are readily phagocytized, and it is probably within the 
phagocytic cells that the most effective processes of immunity take place. There 
is, indeed, much evidence that the ability of the infected host to overcome in- 
fection ultimately depends upon the power of its monocytes to kill the bacilli 
that they have engulfed. 
SUXCM~Ry 
The growth of tubercle bacilli in vitro was inhibited by the addition of the 
sodium salts of very low concentrations of certain organic acids to a variety bf 
liquid and agar culture media containing whole serum or serum albumin. 
Capric acid was the most active of the compounds tested, but inhibition of 
growth occurred also with  the shorter aliphatic  acids. Lactic acid was also 
growth-inhibitory, whereas the keto and dicarboxylic acids tested were inactive 
in this respect. 
The inhibitory activity of the aliphatic acids and of lactic acid increased as 
the pH of the medium was lowered by addition of HC1. It was greater in media 
enriched with serum or with oleic acid-albumln  complex,  but was otherwise 
fairly independent of the composition of the medium. 
The inhibitory effect appears to be bacteriostatic rather  than bactericidal 332  ORGANIC ACIDS AND  TDBERCLE  BACILLI 
and to depend upon a  disturbance of the normal metabolic processes of the 
bacilli. 
Some of the long chain fatty acids caused a marked enhancement of growth 
when used in low concentrations and in admixture with enough serum albumin 
to overcome their toxicity. 
The significance of these findings is discussed with reference to the survival 
and multiplication of tubercle bacilli in dvo within inflammatory and caseous 
areas, which are known to be often acidic and to contain high concentrations of 
organic acids. 
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